














In	 this	 study,	 synergistic	 interaction	 between	 coal	 and	 biomass	 and	 its	 intensity	 was	13	
investigated	 systematically	 using	 a	 low	 rank	 coal	 and	 its	 blends	 with	 different	 biomass	14	
samples	at	various	blending	ratios.	The	catalytic	effects	of	minerals	originated	from	biomass	15	
were	also	studied.	It	was	found	that		some	of	the	minerals	existing	in	the	ash	derived	from	16	
oat	 straw	 catalysed	 the	 combustions	 process	 and	 contributed	 to	 synergistic	 interactions.	17	
However,	 for	 the	 coal	 and	 rice	 husk	 blends,	 minimal	 improvements	 were	 recorded	 even	18	




using	data	extracted	 from	 literature	and	showed	high	correlation	coefficient.	 It	was	 found	23	
that	 at	 a	 blending	 ratio	 of	 30	 wt%	 of	 oat	 straw	 in	 the	 blend,	 the	 degree	 of	 synergistic	24	












issues	 associated	with	 the	 large-scale	 utilization	 of	 biomass	 have	 hindered	 its	 large-scale	35	
development	 [3,	 4].	 One	 of	 the	 feasible	 solutions	 to	 mitigate	 these	 issues	 is	 to	 cofire	36	
biomass	with	coal.	This	approach	has	become	a	general	practice	in	western	countries	as	 it	37	
offers	 significant	 social	 and	 environmental	 benefits	 such	 as	 energy	 security,	 energy	38	
sustainability,	greenhouse	gas	emission	reduction,	and	economic	developments	[1].		39	
In	 the	 past	 few	 decades,	 extensive	 research	 has	 been	 carried	 out	 in	 understanding	 the	40	
suitability	 of	 coal/biomass	 blends	 in	 various	 thermochemical	 conversion	 processes	 [5-7].	41	
Synergistic	effect	was	observed	for	some	blends	[1,	8]	while	insignificant	additive	behaviour	42	
was	also	observed	for	some	other	blends	[9,	10].	The	synergy	observed	in	coal/biomass	fuel	43	
blends	 was	 mainly	 attributed	 to	 both	 catalytic	 and	 non-catalytic	 synergistic	 effect	 of	44	
biomass	 constituents	 and	 their	 influence	 on	 the	 coal	 during	 co-firing.	 The	 non-catalytic	45	
synergistic	 effect	 is	 mainly	 associated	 with	 the	 high	 volatile	 content	 in	 biomass	 while	46	
catalytic	synergistic	effect	 is	dictated	by	Alkali	and	Alkali	Earth	Metals	 (AAEMs)	 in	biomass	47	












much	 work	 has	 been	 carried	 out	 to	 show	 the	 catalytic	 effect	 of	 minerals	 in	 biomass.	 In	58	
addition,	although	synergistic	 interactions	[1,	8]	have	been	studied	greatly	 in	the	past	 few	59	
decades,	 there	 is	 not	much	 effort	 being	made	 to	 distinguish	 the	 contribution	 of	 catalytic	60	
effect	and	non-catalytic	effect	on	the	overall	synergistic	interactions	occurring,	needless	to	61	
say	 there	 is	 a	 reliable	 approach	 to	 quantify	 synergistic	 interactions	 and	 the	 contribution	62	
from	catalytic	and	non-catalytic	factors.	63	
This	paper	focuses	on	the	synergistic	interactions	between	coal	and	biomass	in	the	blends.	64	










obtained	 from	Fuyuan	 town	 (Yunnan	Province,	 China),	which	 is	mainly	 used	 for	 industrial	73	




The	 samples	 were	 prepared	 following	 standard	 procedures	 described	 elsewhere	 (BS	 EN	78	
14780	and	ISO	13909)	[16,	17].	All	the	samples	were	initially	reduced	to	a	size	smaller	than	79	









pan.	 The	higher	heating	 value	 (HHV)	of	 a	 sample	was	measured	using	an	 IKA	Calorimeter	89	









non-isothermal	 method,	 which	 was	 amended	 from	 elsewhere	 [21,	 22].	 In	 the	 test,	 the	97	




The	 initiation	 temperature	 (IT)	 is	 the	 temperature	at	which	0.3	wt%	mass	 loss	 rate	of	 the	102	
sample	was	achieved	after	the	release	of	moisture,	which	is	normally	used	as	an	indication	103	
of	 the	 start	 of	 fuel	 decomposition.	 In	 fuel	 characterisation,	 the	 peak	 temperature	 (PT)	 is	104	
considered	 inversely	 proportional	 to	 the	 reactivity/combustibility	 of	 the	 fuel,	 which	 was	105	
determined	 as	 the	 temperature	 where	 the	 weight	 loss	 (!"!" )	 of	 the	 sample	 reached	 its	106	
maximum.	The	burnout	 temperature	 (BT)	 represents	 the	end	 temperature	of	 the	burning	107	









Z! = !"!" !"#!!!!"#  × 10! 												 	 	 	 (1)	115	









The	 low	 temperature	 ashing	 of	 biomass	 samples	 was	 performed	 using	 a	 PR300	 Plasma	125	
Cleaner	 (Yamato	 Scientific,	 Japan).	 This	 device	 was	 used	 to	 burn	 off	 the	 carbonaceous	126	
components	of	the	sample	at	low	temperatures	(less	than	150⁰C)	under	which	the	presence	127	
of	minerals	in	biomass	remains	unchanged.	The	plasma	was	generated	at	a	power	of	200	W.	128	
Approximately	 0.5	 g	 of	 a	 sample	 was	 loaded	 on	 a	 glass	 crucible,	 placed	 in	 the	 ashing	129	






To	 understand	 the	 influence	 of	 minerals	 from	 biomass	 on	 combustion	 process,	 low	134	






sample	 showed	 the	 highest	 heating	 value,	 which	 suggests	 that	 the	 blending	 of	 coal	 with	141	








Carbon	 50.1	 47.5	 86.2	
Hydrogen	 7.4	 6.8	 5.1	
Nitrogen	 1.7	 2.3	 1.0	
Sulphur	 0.4	 0.3	 1.1	
Oxygen	(by	difference)	 40.4	 43.2	 6.6	
LHV	(MJ	Kg¯¹)	 19.6	 17.6	 33.5	
Proximate	analysis	(wt%)	
Moisture	 4.1	 4.0	 4.5	
8	
	
Volatile	Matter	(VM)	 62.8	 72.1	 27.2	
Fixed	Carbon	(FC)	 11.9	 17.4	 57.3	
Ash	 21.2	 6.5	 11	






Normally,	 alkali	 metals,	 such	 as	 potassium	 (K)	 and	 sodium	 (Na),	 and	 alkali	 earth	 metals	153	
(AAEMs),	such	as	calcium	(Ca)	and	magnesium	(Mg),	are	known	to	have	catalytic	effect	to	154	
the	thermal	decomposition	of	 fuels	 [26].	Table	2	shows	the	elemental	composition	of	 low	155	
temperature	ash	derived	 from	all	 samples	 studied.	 The	OS,	RH	and	YC	had	high	AAEM	of	156	
61.6	wt%,	26.9	wt%	and	25.5	wt%	respectively.	The	high	potassium	content	 in	the	OS	and	157	
RH	and	the	high	content	of	calcium	in	YC	suggest	their	likelihood	of	enhancing	combustion	158	
performance.	 	 Another	 interesting	 element	 that	 has	 been	 known	 to	 aid	 the	 release	 and	159	
activation	of	 these	 catalytic	AAEMs	 is	Cl,	which	was	 very	high	 in	OS	 (24.2	wt%)	 [27].	 This	160	
further	supports	the	high	potential	in	catalytic	effect	when	OS	is	blended	with	YC.	However,	161	
it	 was	 reported	 that	 the	 enhancement	 could	 be	 weakened	 by	 the	 reaction	 between	 the	162	
catalytic	minerals,	 such	as	AAEMs,	with	 silicates	 and/or	 alumina-silicates	 [28].	 This	means	163	
that	 the	 high	 Si	 content	 in	 RH	 (45%)	 and	 YC	 (26.2%)	might	 hinder	 the	 catalytic	 effects	 of	164	









Elements	 Rice	Husk	(RH)	 Oat	Straw	(OS)	 Yunnan	Coal	(YC)	
Fe	 5.4	 1.5	 21.0	
K	 20.2	 47.4	 4.8	
Si	 45.0	 8.8	 26.2	
P	 15.8	 3.1	 -	
Ca	 4.6	 14.2	 20.7	
S	 -	 -	 20.5	
Cl	 5.0	 24.2	 -	
Na	 0.6	 -	 -	
Al	 0.3	 0.3	 1.4	
Ti	 	 -	 3.8	
Mg	 1.5	 -	 -	







extracted	 and	 summarized	 in	 Table	 3.	 It	 is	 evident	 that	 YC	had	one	major	 decomposition	175	
stage	with	a	 strong	peak	 for	 char	burnout	while	 the	biomass	 samples	were	 featured	with	176	
two	main	mass	loss	stages	representing	the	decomposition	of	organic	compounds	in	the	fuel.	177	
For	 the	 biomass	 samples,	 the	 first	 stage	 in	 the	 range	 of	 144	 –	 420	 °C	 represented	 the	178	
10	
	
decomposition	 of	 hemicellulose,	 cellulose	 and	 partial	 decomposition	 of	 lignin	 [30].	 The	179	















The	 difference	 in	 the	 2nd	 stage	 reactivity	 could	 be	 linked	 to	 the	 catalytic	 influence	 of	 the	193	
mineral	contents	of	OS.	 It	was	found	[31]	that	catalytic	effect	of	potassium	contributed	to	194	
the	 clear	 distinction	 of	 the	 two	 devolatililization	 peaks	 and	 shifted	 the	 first	 peak	195	
temperature	 to	 a	 lower	 temperature.	 In	 this	 study,	 it	 is	 believed	 that	 the	high	potassium	196	
content	 in	 OS	 (as	 shown	 in	 Table	 2)	 enhanced	 the	 complete	 decomposition	 of	 lighter	197	
volatile	species	and	the	release	of	more	volatiles,	which	subsequently	led	to	the	formation	198	
of	more	porous	char	with	higher	overall	burnout	reactivity.		199	
YC	 decomposed	 at	 a	 temperature	 range	 between	 329	 and	 605	 °C	 with	 its	 only	 peak	200	
appearing	 at	 535	 °C	 and	 exhibited	 a	 more	 synchronized	 mechanism	 of	 thermal	201	
decomposition.	 In	 this	 study,	 the	 comparison	 of	 the	 combustion	 and	 pyrolysis	 profiles	202	
showed	that	83	wt%	(RH)	and	97	wt%	(OS)	of	total	volatiles	in	biomass	samples	were	burnt	203	



























Normally,	 higher	 oxygen	 content	 of	 the	 biomass	 samples	 is	 an	 indicator	 of	 their	 high	223	





For	 RH,	 OS	 and	 YC,	 the	 ratio	 of	 volatile	 matter	 to	 fixed	 carbon,	 another	 indicator	 of	229	
combustion	reactivity,	is	5.3,	4.2	and	0.48	respectively.	This	ratio	is	an	indicator	of	the	fuel’s	230	
volatility,	 a	 ratio	 >4	 suggests	 homogenous	 oxidation	 of	 the	 volatiles	while	 a	 ratio	 smaller	231	
than	1	 indicates	heterogeneous	gas-solid	 reactions	 [22].	 Therefore,	 the	 combustion	of	RH	232	



























166	-	370	 192	-	369	 222	-	356	 286	-	608	 329	-	605	
Peak	Temperature	
(°C)	





49.3	 24.4	 13.1	 85	 88	
Average	mass	loss	
rate	(wt%	min-1)	
4.8	 2.8	 1.9	 5.3	 6.4	
Maximum	mass	loss	
rate	(wt%	min-1)	







































503	 601	 601	 608	 605	
Residual	Weight	at	
burnout	(wt%)	

























Temperature	range	(°C)	 144	-	420	 162	-	346	 201	-	345	 244	-	334	 329	-	605	
Peak	Temperature	(°C)	 299	 299	 301	 305	 535	
Total	mass	loss	(wt%)	 65	 27.4	 13.1	 6	 88	


















Temperature	range	(°C)	 432	-	518	 349	-	564	 353	-	583	 339	-	591	 	
Peak	Temperature	(°C)	 474	 456	 483	 515	 	
Total	mass	loss	(wt%)	 17.6	 58.1	 68.7	 79.9	 	
Average	mass	loss	rate	
(wt%	min-1)	
4.1	 5.4	 5.9	 6.3	 	
Maximum	mass	loss	rate	
(wt%	min-1)	
6.8	 8.7	 11.1	 13.9	 	
Burnout	Temperature	(°C)	 518	 564	 583	 591	 605	
Residual	Weight	at	burnout	
(wt%)	







Generally	 speaking,	 the	blends	 featured	 two	peaks.	However,	 the	 first	 peak	was	not	 fully	241	
developed	 for	 the	blend	with	10	wt%	RH.	As	previously	described	by	others	 [34],	 the	 first	242	
peak	temperature	of	the	blend	was	similar	to	the	first	peak	temperature	of	the	biomass,	i.e.	243	
rice	 husk	 (309°C),	 while	 the	 second	 peak	 temperature	 and	 burnout	 temperature	 were	244	
similar	 to	 the	peak	 (535	 °C	 )	 and	burnout	 temperatures	 (605	 °C)	of	 the	Yunnan	Coal	with	245	
minimal	deviations.	The	maximum	rate	of	degradation	of	the	first	peak	increased	with	the	246	
increase	in	the	RH,	while	for	the	second	stage,	the	rate	reduced	with	the	increase	in	RH.	This	247	
occurrence	was	due	 to	 the	combustion	of	biomass	volatiles	prevailing	 in	 the	 first	 reaction	248	






This	 reduction	 in	 the	2nd	peak	 temperature	 indicated	 improved	 combustion	 reactivity	 as	 a	255	
result	 of	 synergistic	 interactions	 between	 coal	 and	 biomass	 as	 shown	 in	 in	 Figure	 4b.	 To	256	
further	 prove	 the	 presence	 of	 synergy,	 the	 experimental	 results	were	 compared	with	 the	257	
theoretical	values	calculated	using	the	weighted	sum	of	the	pure	feedstock	[36].	The	result	258	
obtained	 for	 the	 oat	 straw	 blend	 showed	 distinct	 shift	 of	 the	 2nd	 reaction	 stage	 towards	259	







while	 the	 former	 is	 based	 on	 catalytic	 effect	 of	 alkali	 and	 alkali	 earth	 metals	 present	 in	265	
biomass	or	coal	[37].	Consequently,	the	synergy	observed	in	YC/OS	blends	could	be	partially	266	
attributed	to	the	catalytic	effect	of	mineral	matters	in	oat	straw	due	to	its	high	alkali	metal	267	
content,	 a	 common	 occurrence	 in	 herbaceous	 biomass	 [14,	 31,	 38].	 This	 could	 be	268	
supplemented	 by	 the	 non-catalytic	 improvement	 caused	 by	 the	 interactions	 of	 biomass	269	
volatiles	with	coal	char	as	well	as	the	differences	in	morphology	[39].	The	release	of	volatiles	270	
from	 biomass	 could	 result	 in	 the	 formation	 of	 free	 radicals	 during	 thermal	 reaction	 to	271	
promote	 the	 breakdown	 of	 the	 dense	 and	 heat-resistive	 coal	 structural	 components	272	
(polycyclic	aromatic	hydrocarbon	bonded	by	aromatic	rings)	at	lower	temperatures	[40,	41].	273	
Therefore,	the	higher	hydrogen-carbon	mole	ratio	(H/C)	of	biomass	in	blends	contributed	to	274	






was	 dominated	 by	 the	 fuel	 fraction	 with	 the	 higher	 mass	 loss.	 This	 mechanism	 of	281	
decomposition	is	an	indication	of	independent	decomposition	of	both	fuels,	which	suggests	282	
the	 additive	 behaviours	 instead	 of	 synergistic	 interactions	 between	 YC	 and	 RH,	 which	 is	283	
similar	 to	 what	 was	 reported	 by	 others	 [44].	 However,	 slight	 reduction	 in	 the	 peak	284	








Taking	 into	 account	 the	 findings	 for	 both	 biomass	 blends,	 it	 can	 be	 concluded	 that	 the	291	
presence	 of	 synergy,	 its	 extent	 and	 the	 mechanism	 are	 dependent	 on	 biomass	 types,	292	
blending	ratio	and	properties.		293	
3.3	 Ignition	Temperature	294	
The	 ignition	 temperatures	 (Ti)	 of	 the	 fuels	 are	 shown	 in	 Table	 5,	which	were	 determined	295	
following	the	method	described	elsewhere	[8].	The	ease	of	ignition	of	the	biomass	samples	296	
is	a	consequence	of	their	high	volatile	content	(>80	wt%)	as	shown	in	Table	1.	The	ignition	297	





which	more	 accurately	 depicted	 the	 effect	 of	 biomass	 addition	 on	 the	 oxidation	 of	 coal.	301	
Hence,	a	“trigger	temperature”	was	also	extracted	from	the	TGA	profiles	for	the	2nd	reaction	302	
stage	 to	 characterise	 the	 ignition	 of	 the	 char	 oxidation,	 which	 is	 the	 temperature	303	





between	 fuels	 in	 the	 blends.	 The	 10	 wt%	 RH	 blend	 remained	 close	 to	 the	 ignition	309	
temperature	of	YC	due	to	the	immature	first	peak	as	seen	in	Figure	3a.	However,	the	trigger	310	
temperatures	 reduced	 significantly	 compared	 with	 that	 of	 YC	 (459	 °C).	 The	 changes	 in	311	
trigger	 temperature	 with	 blending	 ratio	 are	 shown	 in	 Figure	 5	 with	 the	 dotted	 lines	312	






















ignition	 temperatures	 of	 the	 parent	 fuels	 assuming	 that	 additive	 property	 applies.	 These	319	
calculated	values	are	presented	as	the	dashed	lines	in	Figure	5.	For	YC/RH	blends,	the	actual	320	
trigger	 temperature	 was	 higher	 than	 predicted	 values.	 For	 YC/OS	 blends,	 the	 change	 of	321	
trigger	temperature	of	10-30	wt%	blends	were	relatively	linear	while	for	the	50	wt%	blend,	322	
it	exhibited	some	improvements	and	lead	to	a	lower	temperature.	323	
The	 changes	 in	 the	 ignition	 and	 char	 trigger	 temperatures	 were	 believed	 to	 be	 the	324	
consequence	of	the	interactions	between	the	organic	elements	of	the	different	fuels	in	the	325	











in	 line	with	 the	decrease	 in	 ignition	 temperature	and	 ignition	 time.	This	 suggests	 that	 the	335	
ignition	properties	of	Yunnan	coal	were	improved	by	blending	with	oat	straw	or	rice	husk	at	336	









ignition	 index	while	 the	10	wt%	RH	blend	had	the	worst.	This	 is	consistent	with	what	was	346	

















Zi	(%/min³)	 8.4	10.9	3.1	 2.8	 4.2	 3.0	 5.4	 5.0	 4.1	




The	 combustion	 index	 also	 suggested	 that	 OS	 was	 the	 most	 reactive.	 Improvement	 in	350	
combustion	 performance	 was	 observed	 for	 the	 30	 wt%	 RH	 and	 all	 YC/OS	 blends.	 The	351	










Normally,	 the	 combustibility	 of	 any	 fuel	 is	 inversely	 proportional	 to	 the	 maximum	362	
decomposition	rate	temperature	[45].	Similarly,	the	decrease	in	the	2nd	peak	temperature	of	363	
the	OS	blends	illustrated	an	improvement	in	combustion	performance.	The	enhancement	in	364	
the	 burnout	 of	 the	 fuels	 was	 represented	 by	 the	 small	 decrease	 in	 the	 burnout	365	






Although	the	combustion	and	 ignition	 indices	 (as	shown	 in	Figure	6)	can	be	used	to	show	370	
the	interactions	between	individual	fuels	during	co-processing,	the	accuracy	of	these	indices	371	




characteristics,	 thereby	 improve	 its	 reliability	and	ensure	 the	 results	are	 representative	of	376	
the	entire	combustion	process.	377	
3.4	Catalytic	Effect	of	Biomass	Minerals		378	
























OS	 contained	 significant	 amount	 of	 AAEMs,	 which	 was	 greater	 than	 that	 of	 RH.	 The	396	
investigation	on	the	thermal	behaviour	of	the	low	temperature	ash	derived	from	Oat	Straw	397	
(as	illustrated	in	Figure	8)	showed	a	mass	loss	of	17.6	wt%	in	a	temperature	range	of	473-398	
573	 °C,	 which	 peaked	 at	 552	 °C.	 This	 mass	 loss	 was	 attributed	 mainly	 to	 the	 release	 of	399	
volatile	 AAEMs	 compounds	 at	 high	 temperatures	 such	 as	 K+,	 KCl	 and	 or	 KOH.	 The	 initial	400	
volatile	inorganic	release	temperature	(552	°C)	is	lower	than	the	burnout	temperature	of	OS	401	
(518	 °C),	 which	 suggests	 that	 AAEMs	 acted	 as	 catalyst	 for	 the	 burnout	 of	 OS.	 Even	 at	 a	402	
temperature	higher	 than	573°C,	 there	was	 still	 significant	amount	of	AAEMs	 remaining	as	403	
catalyst	for	YC	char	combustion	(burnout	temperature	is	605	°C)	as	only	17.6	wt%	mass	loss	404	
upon	heating	while	the	 initial	mass	fraction	of	potassium	for	OS	 low	temperature	ash	was	405	
47.4	wt%	 (as	 shown	 in	Table	 2).	 This	 is	 consistent	with	what	was	 reported	 [15]	 that	 the	406	
release	 of	 a	 small	 fraction	 (<20	wt%)	 of	 the	 organically	 bonded	 alkali	metals	 occurred	 at	407	
temperatures	 up	 to	 800	 °C.	 In	 this	 study,	 the	 high	 potassium	 and	 calcium	 content	 in	 OS	408	
explains	the	reduction	in	the	burnout	temperature	of	30	wt%	Oat	Straw	ash	blend	from	605	409	
to	575	°C.	This	reduction	in	burnout	temperature	was	also	evident	in	all	the	YC/OS	blends.		410	
























Yunnan	Coal	 459	 535	 88	 6.4	 15.5	 605	
70%YC	+	30	wt%	
Rice	Husk	ash	
454	 529	 61.7	 4.2	 10.1	 601	
70%YC	+	30	wt%	
Oat	Straw	ash	
403	 486	 64.2	 5.2	 10.0	 575	
	414	
Figure	8:	DTG	of	Oat	Straw	low	Temperature	ash	415	
The	 peak	 temperature	 and	 burnout	 temperature	 of	 the	 30	 wt%	 RH	 Ash	 blend	 was	416	
comparable	with	that	of	100	wt%	YC.	Likewise,	the	ignition	temperature	of	the	30	wt%	RH	417	
ash	 blend	 was	 similar	 to	 that	 of	 100	 wt%	 YC.	 This	 confirmed	 the	 absence	 of	 catalytic	418	
improvement	 when	 YC	 was	 blended	 with	 RH	 ash.	 Therefore,	 the	 synergistic	 interactions	419	
observed	 for	 RH	 (reductions	 in	 trigger	 temperature	 as	 shown	 in	 Table	 3)	 could	 not	 be	420	











blend,	 it	 can	 therefore	be	 concluded	 that	 for	30	wt%	OS	blend,	 the	 significant	 synergistic	430	







volatile	 content,	 contributed	 to	 strong	 synergistic	 interactions	between	coal	 and	biomass.	438	
Each	 factor	 affects	 the	 synergy	 observed	 in	 the	 blends	 to	 some	 degree.	 To	 select	 proper	439	
biomass	for	co-processing	with	coal	and	to	determine	the	proper	blending	ratio	to	enhance	440	







study,	 it	 is	 clear	 that	 the	main	 synergistic	 improvement	 include	 the	 reduced	2nd	peak	and	446	
burnout	 temperatures,	 as	 shown	 in	 the	 line	 chart	 in	 Figure	 10.	 These	 observations	 have	447	
been	 linked	 partially	 to	 the	 catalytic	 effects	 of	 biomass	 inorganic	 content	 as	 described	 in	448	
section	3.4	and	secondarily,	to	the	non-catalytic	effects	of	biomass	organics	(high	volatiles	449	
and	 char	 structure).	 Therefore,	 the	 three	 characteristic	 factors,	 i.e.,	 peak	 temperature,	450	
burnout	 temperature	 and	 time	 to	 peak	 of	 the	 second	 reaction	 stage,	 which	 have	 direct	451	










SF =  !"!"#!"!"!"#$  	 	 	 	 (3) 	460	
Where	SI	is	a	synergy	indicator	(°C-3	min-1/2)	and	can	be	calculated	using	Equation	(4):	461	
SI =  !!!!!!.!!!!!!  × 10!  	 	 (4)	462	
Where,	t!!!	is	the	time	difference	between	the	start	and	peak	of	the	second	reaction	zone	463	
(min);		T!	is	the	peak	temperature	(⁰C);	T!	is	the	burnout	temperature	(⁰C).	464	
Using	 this	 index,	 a	 comparison	 baseline	 was	 created	 using	 the	 result	 extracted	 from	 the	465	
theoretical	blends	models	 to	determine	whether	 fuel	blend	establishes	a	more	synergistic	466	






for	 70	 wt%	 Yunnan	 coal	 +	 30	 wt%	 oat	 straw	with	 a	 synergy	 factor	 of	 1.50.	 The	 70	 wt%	473	
Yunnan	coal	+	30	wt%	rice	husk	blend	showed	additive	behaviour	and	had	an	SF	of	1.13.	For	474	














be	 attributed	 to	 its	 volatile	 content,	 which	 affected	 reaction	 time,	 and	 characteristic	487	








Biomass	types	 0%	 10%	 30%	 50%	
Australian	Coal	(AC)	
blends[49]	
Gumwood	(GW)	 1.00	 1.19	 1.27	 1.43	
Poplar	(PP)	 1.00	 1.16	 1.26	 1.38	
Rosewood	(RW)	 1.00	 1.18	 1.34	 1.57	
Mengxi	Coal	(MC)	
blends[49]	
Gumwood	(GW)	 1.00	 1.18	 1.35	 1.41	
Poplar	(PP)	 1.00	 1.26	 1.39	 1.38	
Rosewood	(RW)	 1.00	 1.31	 1.80	 1.67	
Australian	Coal	(AC)	
blends	[50]	
Oat	Straw	(OS)	 1.00	 1.11	 1.36	 	
Printed	circuit	
board	(PCB)	 1.00	 1.03	 1.23	 	
Rubber	 1.00	 0.95	 1.02	 		
Polystyrene	(PS)	 1.00	 1.39	 1.40	 	
Figure	 11	 shows	 the	 synergy	 factor	 as	 a	 function	 of	 the	 biomass	 content	 of	 the	 blend	493	
(regression	 function	 R2	 value	 ≥0.96).	 This	 is	 in	 line	 with	 past	 notions	 that	 the	 synergistic	494	
interaction	that	occurred	in	fuel	blends	is	a	function	of	the	organic	and	inorganic	content	of	495	
the	 biomass,	 hence	 proportional	 to	 the	 portion	 of	 biomass	 introduced	 into	 the	 blend.	496	
Nonetheless,	 the	extent	of	 enhancement	 remained	dependent	on	 the	 constituents	of	 the	497	
biomass	sample	used.	498	
In	order	 to	verify	 this	 index,	combustion	data	of	Australian	and	Mengxi	coal	with	biomass	499	
blends	were	collated	from	literature	[49,	50],	which	are	illustrated	in	Table	8.	Based	on	the	500	
SF	 values,	 for	 all	 coal	 and	 biomass	 blends,	 significant	 synergistic	 interactions	 exist.	 As	 for	501	
Australian	 Coal	 and	 Rubber,	 due	 to	 the	 lack	 of	 AAEMs	 in	 Rubber,	 which	 led	 to	 lack	 of	502	
catalytic	 effects	 for	 combustion	 process,	 there	 was	 no	 noticeable	 synergistic	 effects	503	
(SF<1.15)	 being	 observed.	 However,	 for	 Australian	 Coal	 and	 PCB	 blends,	 at	 high	 blending	504	
ratio,	 catalytic	 effects	 became	 obvious,	 which	 led	 to	 significant	 synergistic	 interactions	505	
(SF>1.15)	 at	 higher	 blending	 ratios	 (30	wt%).	 These	 findings	 are	 consistent	with	what	 the	506	
32	
	
authors	 found	 in	 their	 study	 and	 therefore	 proved	 the	 validity	 of	 the	 synergy	 factor	507	
proposed	in	this	study.	508	
It	 was	 also	 reported	 [14]	 that	 the	 presence	 of	 an	 optimal	 improvement	 level	 for	 all	 fuel	509	
blends,	 beyond	 which	 synergy	 was	 independent	 of	 the	 biomass	 blending	 ratio,	 which	510	
suggests	 that	 the	 improvement	of	 the	blended	fuels	might	plateau	or	even	decrease	after	511	
certain	blending	ratio	[14].	This	is	also	confirmed	by	the	lower	SF	values	for	50	wt%	Poplar	512	












new	 co-firing	 plant	 to	 avoid	 operation	 issues.	 This	 index	 also	 offers	 opportunities	 for	525	
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